Abstract. Characterization of the dynamics of moisture migration in the unsaturated zone of aquifers is essential if reliable estimates of the transport of pollutants threatening such aquifers are to be made. Electrical geophysical investigation techniques, such as ground-penetrating radar, offer suitable methods for monitoring moisture content changes in the vadose zone. Moreover, these tools permit relatively large measurement scales, appropriate for hydrological models of unsaturated processes, and thus they offer a distinct advantage over conventional measurement approaches. Ground-penetrating radar, when applied in transmission mode between boreholes, can provide high-resolution information on lithological and hydrological features. The technique may be applied in tomographic mode and in a much simpler vertical profile mode. Both modes of measurement have been utilized using two boreholes 5 m apart located at a field site in the UK Sherwood Sandstone aquifer. Radar transmission measurements have been used to characterize the change in moisture content in unsaturated sandstone due to controlled water tracer injection. Continual monitoring of cross-borehole radar measurements over an 18 month period has also permitted determination of travel times of natural loading to the system and has revealed the impact of subtle contrasts in lithology on changes in moisture content over time. The time series of inferred moisture contents show clearly wetting and drying fronts migrating at a rate of approximately 2 m month Ϫ1 throughout the sandstone.
Introduction
Geophysical methods have been widely employed for many years as an aid to hydrogeological characterization. Traditionally, such methods, such as surface-deployed DC resistivity surveys, have permitted a relatively crude, albeit often useful, definition of hydrogeologically contrasting units. Recently, a number of developments of several geophysical methods have led to more detailed characterization capabilities and, in some cases, quantitative estimation of hydrogeological properties. In particular, tomographic surveys between available boreholes have been shown to produce high-resolution information previously unachievable through conventional surface methods [see, e.g., Daily et al., 1992; Slater et al., 2000] . One such method is cross-borehole radar tomography, which offers not only high spatial resolution but also estimation of hydrogeological characteristics.
The velocity of high-frequency (10 MHz to 1 GHz) electromagnetic waves is directly related to the bulk (composite) dielectric constant of the subsurface. In this frequency range the dielectric constant is primarily controlled by the polarization of individual water molecules and is therefore strongly dependent on volumetric water content [Arulanandan, 1991] . Thus the bulk dielectric constant changes with changes in the water content () or, in the case of saturated media, changes in porosity (n). The chemical composition of the pore fluid (for typical groundwaters) has relatively small influence on the dielectric constant, thus reducing ambiguity in the interpretation compared with methods such as resistivity surveying. This relationship between dielectric constant and moisture content has been well established in the hydrological community through widespread use of time domain reflectrometry (TDR). TDR is essentially a tool for measuring the velocity of electromagnetic waves at scales up to tens of centimeters using highfrequency (gigahertz) signals. The empirical relationships between dielectric constant and moisture content established by Topp et al. [1980] are widely used for interpretation of TDR data as volumetric moisture content in near-surface soils.
Like TDR, ground-penetrating radar (GPR) works on the principle of transmitting a high-frequency electromagnetic wave into the ground, often using frequencies in the range 50 -1000 MHz. The transmitted signal is measured by a receiver antenna, either directly (transmission mode) or after a reflection (reflection mode). Surface GPR surveys map contrasts in geoelectrical properties of the subsurface from reflection mode surveys. They are commonly carried out to map relative changes in the subsurface stratigraphy, although a number of attempts have been made [e.g., Greaves et al., 1996; Hubbard et al., 1997a; van Overmeeren et al., 1997] to determine moisture content and even permeability by quantification of the velocity of the applied electromagnetic waves through the subsurface.
A major limitation of GPR is the significant attenuation of the applied signal in electrically conductive media. In many surface GPR applications, sensitivity is limited to the top few meters because of highly electrically conductive near-surface sediments. A more reliable (and direct) means of estimating the velocity of radar waves is possible through transmission mode surveys. In this case the measured signal is assumed to travel directly from transmitter to receiver. Such a survey requires at least one but preferably two or more boreholes. The surveys can be carried out using open or nonmetallic cased boreholes. In the case of single borehole surveys the transmit- ter or receiver can be placed on the surface, although attenuation due to highly electrically conductive near-surface soils can restrict such applications [see, e.g., van Overmeeren et al., 1997] . Cross-borehole (borehole to borehole) surveys will also suffer from signal attenuation, and so borehole separation is constrained by the maximum electrical conductivity of the media.
Early applications of cross-borehole GPR surveys (then labeled geotomography) arose from pioneering work at Lawrence Livermore National Laboratory, Livermore, California, United States, by Lager and Lytle [1977] . Daily and Lytle [1983] and Daily and Ramirez [1984] document some initial field studies applying the technique to geological site characterization. The increasing availability of commercial borehole radar systems and growing acceptance of radar in the hydrological community has led to a number of recent hydrogeological applications of the technique in saturated systems [see, e.g., Lane et al., 1998; Peterson et al., 1999] and unsaturated media [e.g., Hubbard et al., 1997b; Alumbaugh et al., 2000] .
A significant hydrological advantage of such an approach is the scale at which measurements are made. Conventional hydrological measurement techniques, such as neutron probes and tensiometry, have measurement scales on the order of centimeters. With appropriate probes, TDR may be used to obtain average water contents over tens of centimeters. However, heterogeneity of the subsurface occurs at much larger scales, and thus more appropriate measurement techniques are required. Furthermore, the measurement scales of most conventional soil moisture sensors are several orders smaller than the model grid scale for any practical hydrological predictive tool. The need for improved measurement procedures to address this issue of inconsistency of measurement and modeling scale has been argued by Beven [1993] and others. Geophysical techniques offer such an appropriate measurement scale; furthermore, through appropriate petrophysical relationships they may be utilized to characterize hydrogeological parameters, which may dictate the dynamics of the hydrological system. Unlike coring, geophysical methods are minimally invasive and provide in situ measurements on undisturbed sediments. At appropriate resolution, geophysical techniques may also permit investigation of geostatistical properties (as studied by Hubbard et al. [1999] ), which is of obvious value to stochastic hydrological modeling.
The aims here are to examine the usefulness of crossborehole radar in assessing the temporal variability of moisture content in the 12 m thick vadose zone at a specific field site in the Permo-Triassic Sherwood Sandstone aquifer in the United Kingdom. This was achieved through monitoring of the change in response due to an artificially applied water tracer and continued monitoring over a period of 18 months in order to map the dynamics due to natural loading. The investigation was driven by the need to understand the unsaturated zone recharge processes in this aquifer. The Sherwood Sandstone is a major groundwater resource in the United Kingdom and is subject to increasing demand for public and private water supply. After the Chalk the Permo-Triassic Sandstone aquifer group is the United Kingdom's second most important aquifer for groundwater resources. Licensed pumping from the Sherwood Sandstone accounts for approximately 25% of all UK groundwater abstraction [Allen et al., 1997] . Heavy chemical loading from agricultural and industrial practices threaten this resource. Despite this, studies of unsaturated processes in the Sherwood Sandstone are rare.
Site Description
The field site selected for detailed study of the vadose zone dynamics in the sandstone is located 10 km NE of Doncaster, South Yorkshire, at the Lings Farm smallholding near the small town of Hatfield (National Grid Reference SE 653 078). The site was chosen because of the following criteria: (1) close proximity to a sand/gravel quarry permitting detailed largerscale hydrogeological surveys, (2) minimal drift cover, and (3) flat topography and reasonably undisturbed grass cover.
Following preliminary surface geophysical surveys and trial auguring, eight boreholes were drilled at the Hatfield site during June/July 1998. The boreholes were drilled using a 127 mm diameter tip rotary air flush to a depth below the water table (approximately 12 m). Two of the boreholes (labeled R1 and R2) were drilled 5 m apart for the deployment of borehole radar antennae. The other boreholes were installed for other complimentary geophysical investigations, the results of which are to be presented elsewhere. Because of the weakness of the sandstone a 76 mm diameter PVC casing was installed in R1 and R2, surrounded by a sand/cement backfill. Following drilling and prior to backfill and completion, each borehole was Plate 1. Background radar velocity tomogram based on two multiple-offset gather (MOG) surveys carried out on February 1, 1999. logged using Mount Sopris natural gamma and 39 KHz electromagnetic induction conductivity tools.
Core Characterization
In October 1998 a 102 mm diameter core was extracted from the site using polymer flush rotary wire line drilling, approximately 20 m from R2 and 25 m from R1. The core was extracted for detailed laboratory characterization of hydraulic and electrical properties. Figure 1 shows the lithological log together with a profile of mean particle size. Below the glacial drift (sand, gravel, and cobbles) the core is essentially entirely sandstone. The two main distinguishable sublithologies are medium-grained sandstone, which comprises the bulk of the core, and fine and medium sandstone subhorizontally laminated on a millimeter scale (occurring in 0.2-0.5 m thick units, spaced at 1-3 m intervals). In addition, a series of thin (1-2 cm) discontinuous siltstone layers occurs within the sandstone between 2.9 and 3.4 m. The grain size log (see Figure 1) shows that the core consists of about five fining upward sequences, with each sequence being between 1 and 3 m thick. The finer, laminated units occur at the top of each fining upward sequence. The dashed lines in Figure 1 indicate the erosive base for each sequence. As shown later, geophysical logs taken at other boreholes also show evidence of subtle contrast in lithology of the sandstone.
Four specimens from the core were extracted for measurement of dielectric response under varying moisture contents. Specimens were between 80 and 120 mm long, with 100 mm diameter with a 45 mm coaxial hole to accommodate a central electrode, and were analyzed using a radio frequency vector network analyzer (model HP 8712ET) in an arrangement described in detail by Huang et al. [1999] . Figure 2 shows the relative dielectric constant ( r ) measured at 100 MHz over a range of moisture contents (0 -28%) for a medium-grained sandstone sample taken from the core, which was considered representative of the main lithology. The samples were saturated with increments of deionized water and allowed to equilibrate for 24 hours prior to taking the dielectric measurements. Measurements under desaturation were achieved with similar equilibration under stepped evaporative drying. Further details of the procedure are reported by West et al. [2001] .
Measurements on methanol samples suggest accuracy of the measurements to within 10% [see West et al., 2001] . Despite this, significant scatter in the partially saturated sandstone measurements, particularly in the drying phase, is evident in Figure 2 . This is likely to result from relatively inhomogeneous moisture distribution in the samples during wetting and drying. This inhomogeneity is considered here to be macroscopic (i.e., at the core scale), although it has been noted by Endres and Knight [1992] that microscopic fluid distribution may also affect observed dielectric behavior. A number of relationships between saturation and dielectric constant have been established [see, e.g., Schön, 1976] . Topp's [1980] equations are widely used in soil hydrology for moisture content estimation using TDR. These regression equations were determined from measurements on several soils with moisture contents ranging from 0 to 55% but not for consolidated sediments. In such media the Topp equations tend to overestimate the volumetric moisture content, as observed by Hokett et al. [1992] and Sakaki et al. [1998] and as shown for the data in Figure 2 . Another widely used relationship between saturation and dielectric constant is the complex refractive index method (CRIM) [see, e.g., Roth et al., 1990; Chan and Knight, 1999] . The CRIM has been found applicable to rocks including sandstones and tuff [Sakaki et al., 1998 ]. The CRIM equation gives the bulk dielectric constant ( ) for an homogeneous mixture as a weighted sum of the individual phases [Roth et al., 1990] :
where s is the dielectric constant of the sediment grains, w is the dielectric constant of water (assumed to be 81), a is the dielectric constant of air (assumed to be 1), n is porosity, and S is saturation. Assuming an average porosity of 0.32 (derived from core measurements), Figure 2 shows the CRIM model applied to the measured dielectric response for s ϭ 5, s ϭ 6.5, and s ϭ 9. This range is consistent with the findings of Hokett et al. [1992] , Reynolds [1997] , and Sakaki et al. [1998] .
Field Measurements
In order to determine dielectric properties at the field scale, borehole-to-borehole surveys may be conducted in two transmission modes. In both cases a radar signal is generated from a transmitter placed in one borehole with a receiver deployed in the other. Measurement of the travel time of the received wave permits determination of the first arrival and hence the apparent velocity of the electromagnetic wave (v). In one mode, using a multiple-offset gather (MOG), the receiver is moved to different locations in one borehole while the transmitter remains fixed. The transmitter is then moved, and the process is repeated (see Figure 3) . Following collection of all data in this mode and determination of the travel time for each wave path line, it is possible to derive a tomogram of velocity within the plane of the borehole pair. In contrast, a zero-offset profile (ZOP) may be determined by keeping transmitter and receiver at equal depths. By systematically lowering or raising the pair of antennae in the two boreholes, it is possible to obtain an average one-dimensional profile of travel time between the two boreholes and over the length of the boreholes. In both cases in low loss materials and at high frequency the bulk dielectric constant is derived from
where c is the radar wave velocity in air (ϭ0.3 m ns Ϫ1 ). The aim of the surveys reported here was to assess changes in saturation of the sandstone due to both forced loading (following tracer input) and natural recharge. Borehole-toborehole radar measurements in both MOG and ZOP mode were conducted at the Hatfield site between February 1, 1999, and July 11, 2000. The surveys were conducted in three stages: (1) preliminary survey for comparison with observed lithology and determination of baseline measurements, (2) daily surveys following injection of a water tracer on February 3, 2000, and (3) repeat surveys at approximately monthly intervals to assess changes due to natural inputs. For all surveys the PulseEKKO borehole radar system was used with 100 MHz borehole an- tennae. Surveys were conducted using 0.25 m intervals between antennae positions over the range 1-12 m below ground level. Typical survey times were 2 hours for MOG mode and 5 min for ZOP mode. Instrument calibration was carried out prior to and following each mode of survey and regularly during each MOG survey in order to remove instrument drift. For both survey modes, first time arrivals were picked manually. Tomographic analysis of the MOG data was carried out using the straight ray inversion procedure of Jackson and Tweeton [1994] using a discretization of 0.5 m in the horizontal and 0.25 m in the vertical. Details of radar tomographic processing procedures are given by Peterson [2001] .
Background Survey
On February 1, two MOG surveys were conducted: one with transmitter in R1 and the other with transmitter in R2 5 m away from R1. The mean of the two resultant tomograms of velocity is shown in Plate 1. The difference between the tomograms from the two surveys is typically less than 2%. Note that although data were collected with antennae located at depths up to 11.75 m, the section of the tomograms covering depths over 11 m are not shown because of likely artifacts created by high contrasts in dielectric constant at the water table at approximately 12 m depth.
The velocity tomogram shows two distinct layers of relatively high velocity, which indicate low moisture content. Comparison with the lithological and particle size logs in Figure 1 derived for the nearby core shows significant correlation between observed sequences in the core and the velocity contrasts. It appears that the observed fining-up sequences result in subtle contrasts in moisture content perhaps because of capillary effects leading to greater water retention in the finergrained units or, alternatively, because of ponding of water on finer-grained units. The upper zone of the sandstone at 2 m depth is also seen to be differentiated by a contrast in velocity, suggesting higher saturation in the sandstone immediately below the drift. Figure 4 shows the moisture content profile derived from the average velocity (at a given depth) from eight surveys con- Figure 6 . Moisture breakthrough profiles integrated over selected depths using ZOP profiles shown in Figure 5 . ducted on February 1 and 2, 1999, using (1) and (2). The profile is shown as a range by using s ϭ 5, s ϭ 6.5, and s ϭ 9 in the CRIM model, assuming a constant porosity of 32%. Also shown in Figure 4 is the natural gamma and induction conductivity log for borehole R1. A strong positive correlation between the moisture profile and bulk electrical conductivity is clearly evident. A marked peak is seen in both profiles at 4 m depth possibly indicating the location of a lower permeability layer. Increase in apparent moisture content and conductivity can be seen over the interval 6 to 6.5 m which may be a result of the contrast in sedimentary sequence reported earlier. Slight increases in natural gamma, which can be associated with increased clay content, in the same interval also support the suggestion of possible reduction in permeability at approximately 6.5 m depth. Farther down the profile (8.5-11 m) increased moisture content and conductivity can be seen, perhaps a result of close proximity to the capillary fringe but also a possible result of further layering.
Response due to Tracer Input
A tracer experiment was set up during February 1999 to assess the response of the sandstone to forced loading. Using a short borehole drilled to 3.5 m, positioned in the plane of R1 and R2 (see Plate 1), 1000 L of water were injected during February 3, 1999. The electrical conductivity of the water was raised to 600 S cm Ϫ1 by addition of a weak NaCl solution so as to achieve similar conductivity of the native pore water. A 1 m screened section and gravel pack around the injection borehole permitted tracer migration directly into the sandstone. Between February 4 and February 10, MOG surveys were carried out each day together with duplicate ZOP surveys. Surveys were repeated on February 17 and February 27, 1999. Using the established baseline surveys carried out on February 1 and 2, 1999, it is possible to determine changes in moisture content due to tracer loading.
The CRIM model of the dielectric-saturation relationship show significant sensitivity of predicted moisture content to dielectric parameters, as illustrated earlier in Figure 4 for the background ZOP survey results. The adopted CRIM model parameter ( s ) was derived from samples of the main lithology; however, West et al. [2001] show that finer-grain size samples taken from the core have larger values and thus limit the use of such an approach for determination of absolute moisture contents. Changes in saturation, however, are insensitive to the dielectric constant of the sediment grains since, for the CRIM model given in (1), the change in volumetric moisture content is given by
where S t is saturation at time t, S 0 is background saturation, t is the observed bulk dielectric constant at time t, and 0 is the observed background bulk dielectric constant.
MOG survey results.
Plate 2 shows the change in moisture content determined using (3) applied to the tomograms from the MOG surveys. All the tomograms shown in Plate 2 are based on the same background image determined from the pretracer surveys. From the difference images the wetted zone can be seen to be separated into two distinct plumes: a dominant zone of increased saturation steadily migrates vertically downward from the source, while a stationary region of increased moisture content is apparent over the depth interval 2.5-3 m. This separation indicates the impedance to flow or increased soil moisture retention in the upper sandstone caused by fine-grained sediments such as the fine sandstones and siltstones observed in the core between 2.9 and 3.4 m. In contrast, it would appear that tracer directly injected beneath this layer moves rapidly downward to 6 m after a few days. Note that from the background tomogram in Plate 1 this depth coincides with the base of a layer of reduced saturation which is perhaps due to relatively high permeability. During the later stages of the experiment the wetting front continues to move vertically at a slower rate with significant changes at 8 m depth observable 14 days after the start of the experiment. Decay of the tracer signal with time is a result of migration off plane, particularly as further impeding layers are encountered with depth. Nevertheless, the set of tomograms shows an extremely consistent sequence of moisture migration throughout the sandstone.
ZOP survey results.
The movement of the wetting front is perhaps more clearly seen from the sequence of moisture difference profiles derived from the ZOP surveys. Figure  5 shows the sequence from which it can be seen that a front initially travels at approximately 0.15-0.2 m d Ϫ1 during the period February 4 -9. On February 10 the sharpness of the wetting front signal is reduced, although increases in saturation to 8 m depth can be seen on February 17. It is recognized that the changes in saturation due to the tracer are threedimensional, whereas the ZOP sequence is effectively an integrated one-dimensional profile. The impact of subtle contrasts in grain size (and inferred contrasts in permeability) can be clearly seen, however. This is more striking when presented in the form of breakthrough curves, as shown in Figure 6 . Here changes in moisture content from the ZOP surveys are averaged over 1 m intervals (four antennae positions at 0.25 m intervals). The rapid response to depths of 5 m contrasts the diffusive signal at greater depths. In particular, a marked change in arrival time distribution and mass recovery can be seen in the 6.25-7 m interval, again a result of impedance to vertical migration. An increase in saturation in the nearsurface layers after tracer infiltration had ceased is also apparent from the plots in Figure 6 . This is due to natural inputs, which became the focus of continued surveys at the site.
Response due to Natural Inputs
A controlled point source tracer injection permits characterization of hydraulic processes within the sandstone; it is, however, the response due to natural nonpoint source inputs which is of primary importance. Environmental regulators require accurate estimates of travel times of potential pollutants in the unsaturated zone in order to predict impacts on groundwater resources. Following the tracer experiment described in section 4.2, repeat MOG and ZOP surveys were carried out with an approximate sampling interval of 1 month up until July 2000 to assess the change in moisture conditions throughout the entire thickness of the unsaturated zone.
Daily rainfall, measured locally, coupled with actual evapotranspiration estimates (based on the Meteorological Office Rainfall and Evapotranspiration Calculation System, Bracknell, England, United Kingdom values) have been used to compute monthly net rainfall values prior to and over the monitoring period and are shown in Figure 7 . The data shown in Figure 7 reveal seasonal characteristics over the 2 year monitoring period: The main inputs occur during September to January with a number of spring events during March or April producing a delayed recharge source followed by relatively high recharge losses due to evapotranspiration during summer.
4.3.1. MOG survey results. Plate 3 shows the change in moisture content determined using (3) applied to selected MOG survey results. The data set determined prior to the tracer injection on February 1 and 2, 1999, has been used as the background image for all tomograms. Note that, unlike the tracer sequence, the images now show a response which is laterally continuous because of the nature of the loading. The impact of the high net rainfall during March 1999 can be clearly seen, although it is recognized that this is likely to be displacement of water originating from heavy winter rainfall. As the front moves down during the summer of 1999, emergence of a drying front can be seen which develops through to winter 1999. 4.3.2. ZOP survey results. As in the tracer experiment the moisture dynamics are more clearly seen from the sequence of ZOP survey results. Figure 8 shows this sequence using data collected up until June 2000. The winter/spring recharge and summer drying fronts are clearly seen. Also noticeable is the apparent increase in saturation at depths of 10 m and greater. This is due to a rise in the water table (and associated capillary fringe) not necessarily due to natural recharge but is likely to be a response caused by decreased abstraction of a public supply well located some 500 m away from the site. Figure 9 illustrates the temporal dynamics throughout the profile over the complete monitoring period, including the tracer experiment. Ignoring the effect of the tracer, the shape of the response in the upper sandstone (2.25-3 m depth) follows the seasonal pattern of the net rainfall in Figure 8 . Note the reduction in moisture content changes for the peak in 2000 in comparison to the peak in 1999: a result of significantly reduced rainfall during winter 1999. The delays in wetting and drying patterns are also clearly visible over this interval when compared with the rainfall input series, as is the smooth cyclic pattern, both demonstrating the impact of drift cover. More significant, however, is the transmission of this signal throughout the profile. A delay of 2-3 months in the initial peak is apparent when comparing series at 2.25-3 m and 7.25-8 m. A similar delay is also apparent in the propagation of the drying front. It is interesting to note that the transmission of the wetting front appears geologically controlled at about 6 m since a marked change is apparent when comparing time series for the 5.25-6 m and 6.25-7 m intervals. This is consistent with the observed response due to tracer input ( Figure 6 ) and background tomogram (Plate 1).
Conclusions
Cross-borehole radar may provide supplementary information about lithological features through appropriate petrophysical relationships between radar wave velocity and moisture content. These relationships, such as the CRIM model used here, are sensitive to accurate determination of appropriate parameters, suggesting that determination of absolute value of moisture content will suffer high uncertainty limits. Such sensitivity, however, does not exist when applied to the study of changes in saturation levels, as demonstrated here. Through repeated measurements of borehole-to-borehole transmission GPR the moisture dynamics in the unsaturated zone of a regionally important sandstone aquifer have been reported.
Tomographic measurement and analysis permits detailed spatial structures to be characterized and may be extended easily to three-dimensional investigations [Jackson and Tweeton, 1996; Eppstein and Dougherty, 1998 ]. In contrast, radar velocity profiling through ZOP surveys allows rapid measurement of moisture content changes with little postprocessing required. The major advantage, however, is that ZOP surveys may be viewed as large-scale TDR-like profiles where averaging is performed in the horizontal direction. For the field site described here, estimates were made of moisture content and changes in moisture content with time over a 5 m horizontal distance and a vertical discretization of 0.25 m. Provided the bulk electrical conductivity of the subsurface is low enough, increased borehole separation is possible without significant deterioration of the received signal through attenuation (we have successfully applied the same technique at other similar sites using borehole separation up to 15 m). Increased transmitter power will help improve the scale of problems which may be investigated using this technique.
The ZOP survey may then offer a valuable tool for vertical profiling of vadose zone hydrological dynamics. Crossborehole GPR measurements at the Hatfield site and other similar UK sandstone sites are continuing with a view to improving regulatory models of this important element of the hydrological cycle which previously has received limited attention. Computation of residence times should be achievable by appropriate modeling of the dynamics throughout the profile, which would provide useful insight into the impact of nonpoint source pollutants on the local groundwater resource.
